ALS OF THE NEW YORK ACADEMY OF SCIENCES 


_. VOLUME 84, ARTICLE 13, PAGES 479-512. 


att Editor - 
FRANKLIN N, FURNESS 


Managing Editor 
saat W. WHITE 


_ DIMORPHISM IN MICE 
% ee ee By 


oe i __E. S. Crelin | 


wn in 4 bas ibot i 


Pe 


THE p NEW YORK ACADEMY OF SCIENCES. 
taice _ (Founded in 1817) a 


oie CaS oe la OE a 
ee ay "BORIS PREGHL, Chama ofthe Board 


Bae a Clase of 1960. Clase of 1960-1961 —- Class of 1960-1962 
Be Gonpon a ‘BILLARD HARDEN F. TAYLOR —_—_-W. STUART THOMPSON 
a <3 - Class of 1960-1963 
Soy “mNnY ©. BRECK _ DEAN RUSK =: LOWELL C. WADMOND 
esi a aes ‘M. 1, ROPAG, Pretidnt oe Acad z 
terre: HILARY KOPROWSE Past President BORIS PREGEL, Past President 
Fie a raed EUNICE THOMAS MINER, Bsecutive Director . 
| SCIENTIFIC COUNCIL, 1960 
: President, M. J. KOPAC ‘ 
| : nt-Blec, FREDERICK Y. WISELOGLE 
ei “eam pay Vice President | THEODORE SHEDLOVERY, Vice-Previden 
eae eau MARAMOROSOH “ys CHARLES W. MUSHETT 
 dadin ee wanonany 2 30) Pees | GUSTAY J J. MARTIN 
| WAYNE W. UMBREIT Zoe E. VANCE 
1959-1961 
E. DEITRICK Pua: CHARLES W. MUSHETT 
TONROBERT 8, MOF B.. MORISON | pat . E. L. TATUM 
1960-1962 
JOHN JOSEPH LYNCH, Bu. _ MORRIS SCHAEFFER _ 


Executive Director, EUNICE THOMAS MINER 


SECTION OF BIOLOGICAL AND MEDICAL SCIENCES . 
ROBERT L. KROC, Chairman CHARLES NOBACK, Vice-Chairman 
DIVISION OF ANTHROPOLOGY 
DOROTHY L. KEUR, Chairman RY ROLE ATS oat Vth . 


DIVISION OF warmoupeatt Bata: | 
ILLES, Vice-Chairman 


" DIVISION OF, MICROBIOLOGY. _ 
KARL MARAMOROSCH, Chairman”... EMANU®L GRUNBERG, Vice-Chairman 
sip OF Ps YCHOLOGY © . 
GREGORY RAZRAN, Chairman “ey LOUIS W. MAX, Vice-Chairman ” 
7 SECTION OF enmineas-sorexss 
FREDERICK R. BIRICH, Chairman EVERETT 8S. WALLIS, Vice-Chairman — 
| peer or BIOCHEMISTRY | 
JAMES B. ALLISON, Chairman ‘RAYMOND L. GARNER, Vice-Chairman 
SECTION OF GBOLOGICAL SCIENCES 
RW FAIRBRIDGE, Chairman 
DIVISION OF OCEANOGRAPHY AND METEOROLOGY : 
CHARLES KNUDSEN, Chairman JAMES K. MoGUIRE, Vice-Chairman — 
x DIVISION OF ENGINEERING 
vag FELD, parkinn sued Bi SKELLY, Vice-Chairman 


~ 


Past Presidents 
tan ie hs “BORIS PREGEL 


ANNALS OF THE NEW YORK ACADEMY OF SCIENCES 


VOLUME 84, ARTICLE 13, PAGES 479-512 


October 21, 1960 


Editor 
FRANKLIN N. FURNESS 


Managing Editor 
EDGAR W. WHITE 


THE DEVELOPMENT OF BONY PELVIC SEXUAL 
DIMORPHISM IN MICE 


By 
E. S. Crelin 


Yale University School of Medicine, New Haven, Conn. 


NEW YORK 
PUBLISHED BY THE ACADEMY 


S Seevreuas a 
Copyright, 1960, by The Ni eye bes 
, by The New York Academy 


= 


3) yp = 
ime 44 ‘ 


THE DEVELOPMENT OF BONY PELVIC SEXUAL DIMORPHISM 
IN MICE* 


E. S. Crelin 


Yale University School of Medicine, New Haven, Conn. 


The bony pelvis of the adult human female can be distinguished from 
that of the adult male by a number of morphological differences. 19 Bony 
pelvic sexual dimorphism in the human adult was recognized early, for 
Vesalius,?*® in 1543, accurately described a number of morphological 
differences that are listed as typical of each sex in current textbooks on 
human anatomy. In contrast, the knowledge of a bony pelvic dimorphism 
in mice is comparatively recent. Gardner,'” in 1936, performed the first 
experimental study on pelvic sexual dimorphism in mice. He noted a 
number of morphological differences between male and female pelves but 
focused his attention upon such differences as pubic bone resorption, 
increased sacroiliac flexibility, and interpubic ligament formation that 
occur in females during pregnancy and in virgin females and castrated 
males treated with estrogens. Therefore, he concluded that the dimorphism 
appeared following sexual maturity and indicated that estrogens played a 
major role in its production. Crelin and Haines!° found that although 
male and female mice were gonadectomized at three weeks of age and 
Sacrificed when adults, their pelves could readily be distinguished from 
each other by a number of differences, many of which were originally 
described by Gardner except those stated above upon which he placed the 
greatest emphasis. 

The present investigation was designed to study the development of 
bony pelvic sexual dimorphism in mice in greater detail than heretofore 
and in such a manner that the causative factors in its production might be 
elucidated. 


MATERIALS AND METHODS 


One hundred fifty-two Brown-belt inbred mice were arranged into 5 
groups: 

(1) Twelve virgin females and 12 males were sacrificed at 3 months of 
age. Their vertebral columns from the fifth lumbar to the second caudal 
vertebrae and attached bony pelvis were excised en bloc and fixed in 95 
per cent alcohol. At autopsy this procedure was performed on each animal 
in the entire experiment and the excised tissue prepared as a whole 
mount for detailed study as follows. The pelvic viscera, including most 
of the musculature, were removed. The joints with their ligaments were 

*The work described in this paper was supported in part by Grant RG-4433 from the 
National Institutes of Health, Public Health Service, Bethesda, Md. 
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maintained. Remaining soft tissue attached to the pelvic bones and verte- 
brae was macerated with 2 per cent potassium hydroxide and cleared in 
glycerin. The bones were stained with alizarin. Each whole mount was 
examined using a stereoscopic microscope, and various parts were meas- 
ured. The pelves of Group 1 were studied to determine the characteristics 
that constitute constant morphological differences between the sexes in 
fully matured mice. ‘Pa 

(2) Four females and 4 males were sacrificed at birth and at 3 to 4 day 
intervals up to 42 days and at 56 days of age (TABLE 1). The whole 
mounts from these mice were studied to determine the time of appearance 
and order of sequence of ‘the pelvic morphological differences between 
the sexes during development. 

(3) Twelve females and 12 males were gonadectomized at birth. They 
were sacrificed at 56 days of age. The whole mounts from these animals 
were compared with those from intact mice the same age of Group 2 to 
determine what effects the lack of gonadal hormones had on the develop- 
ment of pelvic dimorphism. a 

(4) Fourteen females and 14 males were Pit reel vee at birth and 
a 2 mg. pellet of testosterone propionate was implanted subcutaneously 
in the dorsothoracic region of each mouse. At 14 days of age, a S-mg. 
pellet was implanted in the same region in each animal. All were sacti- 
ficed at 56 days of age. The whole mounts from these animals were 
compared with those from mice the same age. of Groups 2 and 3 to deter- 
mine whether the pelvic morphology of the mice given testosterone 
resembled that of normal male mice, 5" or { 

(5) The spinal cord at the tenth thoracic vertebral level was transected 
'in 10 female and 10 male mice at 14 days of age. At 56 days of age, the 
mice were sacrificed. The whole mounts of these animals were compared 
with those from mice the same age of Groups 2, 3, and 4 to determine 
whether or not the gonadal hormones influence the shaping of the bony 
pelvis during its development by acting on the attached striated muscula- 
ture to produce differences between the sexes in muscle tension and/or 
the direction of its pull. : 


a 


3 

RESULTS 
In the experimental groups where the pelvic morphological differences 
were slight between mice the same age and treated identically, the 


pelves from each sex and, in some ankteoes from both Sexes, are ts 
described as one. 


Group 1 


The morphological differences between the pelves of adult females and 
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males were associated primarily with a larger birth canal in the female, 
especially its caudal outlet (rF1cuREs 3 and 6). The ilia at the sacro- 
iliac joints in nearly all of the females were inclined ventrally at a 
greater angle from the longitudinal plane of the vertebral column than 
those of the males, so that the caudal half of the bony pelves from nearly 
all the females was shifted to a more ventral position (F1GuREsS 2 and5). 
The bones forming the pelvic outlet of the female’s pelvis flared outward 
unlike those of the male’s. The transverse distance between the ischial 
tuberosities (intertuberosity distance) was greater in the female’s pelvis 
(TABLE 1; FicuREs 3 and 6). The tips of the ischial tuberosities pro- 
jected slightly lateral in the female’s pelvis and slightly medial in the 
malée’s. The subpubic angle was greater in the females’ pelves, where it 
averaged 40 degrees (range: 39 to 42°), In the males’ pelves it averaged 
35 degrees, the range being 34 to 36° (F1GuREs 1 and 4). 
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FIGURE 1, Ventral view “of the bouy pelvis from a 3-month-old female 
ouse. CT: crest tuberosity distance; 4: fourth sacral vertebra; 1: first caudal 
ertebra. ; 
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FIGURE 2. Lateral view of the pelvis shown in FIGURE 1, T: tip of ischia 
tuberosity. 


a 


The pubic symphysis was at a more caudal level in the female, oppo- 
site the second caudal vertebra, whereas it was opposite the first caudal 
vertebra in the male (F1GUuREs 1 and 4). This was associated with a 
greater length of the pubes in the females; the distance between the 
center of the acetabulum and the cranial border of the symphysis aver- 
aged 7.2 mm. (range: 7.0 to 7.3 mm.) in the females and 6.2 mm. (range: 
6.1 to 6.4 mm.) in the males, Also, the distance between the tip of the 
ischial tuberosity and the caudal border of the symphysis was greater in 
the females, where it averaged 8.0 mm. (range: 7.9 to 8.1 mm.). It aver- 
aged 7.0 mm. (range: 6.8 to 7.1 mm.) in the males. The caudal border of 
the symphysis of the female’s pelvis was nearly on a horizontal level 
with the tips of the ischial tuberosities and was partly responsible for 
having the pelvic outlet face directly caudally (r1GuREs 1 and 2). The 
caudal border of the symphysis of the male’s pelvis was situated more 
cranially than the tips of the tuberosities and was partly responsible for 
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FIGURE 3, Caudal view of the pelvis shown in FIGURES 1 and 2, IT: inter- 
Ses ionity distance. 


as FIGURE 4, Ventral view of a bony pelvis from a 3-month-old male mouse. 
fourth sacral vertebra. 1 ‘ 
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FIGURE 5, Lateral view of the pelvis shown in FIGURE 4, C: convexity of 
caudal border of the ischial ramus. 


FIGURE 6, Caudal view of the pelvis shown in FIGURES 4 and 5, IT: inter. 
tuberosity distance, 
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TABLE 1 


MEASUREMENTS OF CREST-[UBEROSITY AND INTERTUBEROSITY 
DISTANCES OF THE BONY PELVES FROM NORMAL MICE 


_ No. and Sex Age cr rTt 

: of mice (days) Average Range Average Range 

(mm. ) (mm. ) 
4£,4m 1 5.0 5.0 2.0 1.8-2.2 
4£,4m 3 6.5 6.2- 6.8 4.0 3,8-4,2 
4£,4m 7 7.0 6.5- 7.5 4.0 37-43 
4f,4m 10 8.0 7.5- 8.5 4.0 4.0 
4f,4m 14 9.0 8.6- 9.3 4.0 3,8-4.2 
4£,4m 17 10.0 9,0-11.0 5.0 4.8-5,2 
4f 21 10.5 10,0-11.0 6.5 6.2-6.7 
4m eae a 10.5 10.0-11,0 5.5 5.4-5.6 
4f 24 115 41,3-117 6.5 6.4-6.6 
4m 24 11.5 11,2-11.8 5.4 5,3-5.5 
4f 28 13.0 12.5-13.5 7.0 6.7-7.3 
4m 28 13.0 12.5-13.5 5.5 5,2-5.8 
4é 31 13.5 12.7-14.1 7.0 6.5-7.5 
4m 31 12.5 13, 1-13.9 6.0 5.5-6.5 
4f 38 14.5 14,0-15.0 8,0 7.8-8.2 
4m 38 14.5 14.0-15.0 6.8 6.7-6.9 
4f 42 14.5 14,3-14.7 8.5 8.4-8.6 
4m 42 14.5 14.4-14.6 7.0 6.5-7.5 
4f 56 15.5 14,5-16.5 8.0 7.5-8.5 
4m 56 15.5 15.0-16.0 72 7.0-7.4 
12 f 93 18.0 17.5-18.5 8.5 8. 3-87 
12 m 93 18,0 17. 8-18, 2 7.0 6.9-7. 1 


*crest tuberosity. 
lIntertuberosity. 


having the pelvic outlet face in a ventrocaudal direction. A curvature of 
the ischial and descending pubic rami also contributed to the higher 
location of the symphysis in the male’s pelvis and was associated with a 


convexity of the caudal border of the ischial rami (F1GuRES 4 and 5), 
The ischial and descending pubic rami were not curved in the female’s 


pelvis and lacked the convexity of the ischial rami found in the male’s 


(FIGURE 2). In fact, approximately half of the pelves from the females 
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had concave caudal borders of the ischial rami. In the other half they 
were straight. 1 

The ascending ramus of each pubic bone in the female was slightly 
curved with its concavity facing ventromedially, whereas in the male 
each ascending ramus was straight or slightly curved with its convexity - 
facing ventromedially (rFrGuREs 2 and 5). Also, the ascending rami were 
not as broad in the female’s pelvis because their craniodorsal surfaces 
had undergone the typical postpuberal bone resorption. This resorption 
resulted in a loss of approximately the cranial half of the medial surfaces 
of the pubic bones at the symphysis. Thus the craniocaudal length of the 
symphysis averaged 1.5 mm. (range: 1.2 to 1.7 mm.) in the females and 
2.8 mm. (range: 2.7 to 2.9 mm.) in the males (FicuREs 1 and 4). The 
narrowest point of separation between the medial ends of the pubic bones — 
at the symphysis averaged 0.3 mm. (range: 0.2 to 0.4 mm.) in both sexes, 

The size and shape of the obturator foraminawere similar in both sexes, 
The over-all massiveness and density of the bones of both the male and 
female pelves were similar. The average distance between the crest of . 
the ilium and the tip of the ischial tuberosity (crest-tuberosity distance) © 
was the same in both sexes (TABLE 1; FIGURES 1, 2, 4, and 5). 


Newborn. The pelves of the males and females were identical. Since 
constant sex differences did not appear until 21 days of age, the descrip- 
tions and measurements of the pelves from the newborn and mice of cuba 
sequent ages up to 21 days refer to those from both sexes. The measure- 
ments of the crest-tuberosity and intertuberosity distances of the pelves © 
from the newborn are listed in TABLE 1. The iliac crests, acetabula, 
angle, and descending rami of the pubes, and the greater part of the 
ischial rami were cartilaginous, whereas the main shafts of the develop- 
ing pelvic bones were ossified. The cartilage from which the pubic 
symphysis develops was opposite the partially ossified first caudal 
vertebra. It consisted of a bar of small-celled hyaline cartilage that was | 
continuous with the hyaline cartilage that is replaced by the angle and 
descending rami of the pubes and ischial rami at a later time in develop- | 
‘ment’! (r1GuRES 7 and 8), 

Three-day-old. The measurements of the crest-tuberosity and intertuber-_ 
osity distances are listed in rapie 1. The bodies of the pelvic bones 
destined to form the bony acetabula were partially ossified. The angles 
of the pubes and the ischial rami were more extensively ossified than 
those of the newborn. The interpubic joint of almost all the mice up to. 
56 days of age was located opposite the first caudal vertebra (FIGURES. 


9 and 10). A few pelves of both sexes had interpubic joints opposite the 
second caudal vertebra. 


Group 2 | 
| 


| 
, 


FIGURE 7. Ventral view of a bony pelvis from a newbom male mouse, 
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FIGURE 8. Lateral view of a bony pelvis from a newborn female mouse. 
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FIGURE 10. Lateral view of a bony pelvis from a 3-day-old female mouse. 
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Seven-day-old. The measurements of the crest-tuberosity and wo 
osity distances are listed in TABLE 1. The bodies of the pelvic bones, 
pubic angles, and ischial rami were more extensively ossified than in the 
3-day-old. 

Ten-day-old. The measurements of the crest-tuberosity and intertuber-— 
osity distances are listed in TABLE 1. The bodies of the pelvic bones 
were ossified so that the triradiate growth cartilage separating them at 
the acetabulum formed the typical T-shaped plate. The triradiate carti- . 
lage was continuous laterally as the articular cartilage of the acetabular 
socket. The descending rami of the pubes were partially ossified, and the 
ischial rami were more extensively ossified than in the 7-day-old. 

Fourteen-day-old. The measurements of the crest-tuberosity and inter-— 
tuberosity distances are listed in TABLE 1. The triradiate cartilage was 
smaller than that of the 10-day-old, due to progressive ossification of the 
bodies of the pelvic bones. Progressive ossification of the descending 
pubic ramus and ischial ramus greatly reduced the width of the growth © 
cartilage separating the two (rF1GuREs 11 and 12). 

Up to 14 days of age, the ilia at the sacroiliac joints in both sexes’ 
were inclined ventrally at a pronounced angle from the longitudinal plane © 
of the vertebral column. However, in one half of the 14-day-old males this 
inclination was markedly reduced. . 


FIGURE 11. Ventral view of a bony pelvis from a 14-day-old male mouse, 


Seventeen-day-old. The measurements of the crest-tuberosity and inter- 
tuberosity distances are listed in TABLE 1. The acetabular triradiate 
growth cartilage separating the pelvic bones was reduced to narrow 
plates. The descending pubic ramus and ischial ramus were fused; none 
of the growth cartilage that separated the two remained. In 1 male the 
ventral inclination of the ilia at the sacroiliac joints was much less than 
that of all the other 17-day-old mice. 


Twenty-one-day-old. Constant morphological differences between the 
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FIGURE 12. Lateral view of the pelvis shown in FIGURE lI. 


_ pelves of the two sexes appeared for the first time during development. 
_ Although the average of the crest tuberosity distance was the same in the 
4 pelves of both sexes, the intertuberosity distance was greater in the 
_ females’ (TABLE 1). The greater intertuberosity distance in the female’s 
_ pelvis was associated with a flaring outward of the bones forming the 
_ pelvic outlet. Therefore, the subpubic angle was greater in the female’s 
4 pelvis than in the male’s and remained so from this age. Also, the tips of 
_ the ischial tuberosities pointed slightly lateral in the female’s pelvis, 
_whereas they pointed slightly medial in the male’s (r1GuRES 13 and 


15). A distinct concavity was present on the caudal border of the ischial 


"ewer... + 


ees OS 


atta” AAS ee 


ye ye ee ee ee 


a? ere 


FIGURE 13. Ventral view of a bony pelvis from a 21-day-old female mouse. 


FIGURE 14, Lateral view of the pelvis shown in FIGURE 13, C: concavity 
of caudal border of ischial ramus. 


FIGURE 15, Ventral view of a bony pelvis from a 21-day-old male mouse. 
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tami of the female’s pelvis (F1cuReE 14). Inthe male’s, the caudal border 
had only a slight concavity or was straight (FIGURE 16). The ventral 


ss i 


FIGURE 16, Lateral view of the pelvis shown in FIGURE 15, 


inclination of the ilia at the sacroiliac joints in the males’ pelves was 
less than that of all the females’ except one, which shifted the sym- 
physes of the males to a more caudal position. This reduced ventral 
- inclination of the ilia at the sacroiliac joints of the males’ pelves was a 
constant finding when compared with the majority of the females from 21 
_ to 56 days of age. It was noted at autopsy and was maintained throughout 
the preparation of the pelves into whole mounts. A detailed study of the 
sacroiliac joints of the prepared specimens revealed that the manner of 
articulation of the bones at the sacroiliac joints were equally variable in 
both sexes. Few pelves were identical in the whole experiment from mice 
beyond 21 days of age in regard to the way the sacral vertebrae articu- 
lated with the ilia. It was not uncommon to find differences between 2 
joints in 1 pelvis. Most frequently, the alae of the first sacral vertebra 
articulated exclusively with the ilia. In approximately one fourth of the 
pelves from either sex, all or a greater part of the alae of the second 
sacral vertebra, including those of the first, articulated with the ilia. It 
was not possible to ascertain differences in the surfaces of the cleared 
articular cartilage or the attachments of the cleared ligaments at the 
sacroiliac joints, which undoubtedly were responsible for the difference 
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between the males’ and the majority of the females’ pelves in the inclina- 
tion of the ilia at the joints. 

Twenty-four to 42-day-old. There was a progressive increase in the 
crest-tuberosity and intertuberosity distances of the pelves from these 
mice that was related to the advance in age from 24 to 42 days (TABLE 
1). However, the pelvic morphology remained essentially similar to that 
described for their respective sex at 21 days of age (F1GuREs 17 to 20). 
The only notable exception was that a slight convexity along the caudal 
border of the ischial ramus appeared for the first time during development 
in the 42-day-old male’s pelvis. 


FIGURE 17, Ventral view of a bony pelvis from a 28-day-old female mouse. 


Fifty-six-day-old. The measurements of the crest-tuberosity and inter- 
tuberosity distances are listed in TABLE 1. The curvature of the ascend- 
ing rami of the pubes described for the 3-month-old females’ pelves of 
Group 1 was present in the females’ at 56 days of age. For the first time 
during development, there was a difference between the sexes in the 
length of the pubes. The average distance from the center of the acetab- 
ulum to the cranial border of the symphysis was 7.0 mm. (range: 6.8 to 
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URE 19, Ventral view of a bony pelvis from a 28~day-old male mouse. 
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FIGURE 20, Lateral view of the pelvis shown in FIGURE 19, | 

7.2 mm.) in the females’ pelves and 6.0 mm. (range: 5.9 to 6.1 mm.) in 

the males’, A definite convexity was present on the caudal border of cael 

ischial ramus of the males’ pelves and a distinct concavity in this loca- | 
tion in each of the females’. The distance between the tip of the ischial 
tuberosity and the caudal border of the symphysis averaged 7.5 neal 

(range: 7.0 to 8.0 mm.) in the females’ pelves and 6.0 mm. (range: 6.0 

mm.) in the males’, Concurrently, the symphysis shifted to the level of 

the fourth sacral vertebra in each male’s pelvis, but it remained at the 

level of the first caudal vertebra in each female’s. 

The triradiate growth cartilage was absent in every pelvis, and some 
typical postpuberal pubic bone resorption occurred in each female’s 
pelvis. 


Group 3 


The pelvis of each mouse gonadectomized at birth was essentially the 
female type both in size and morphology except that the female’s pelvis 
lacked postpuberal pubic bone resorption (F1GuRES 21 to 24). Therefore, 
the dimorphism of the pelvis was associated with the presence of testes. 


FIGURE 21, Ventral view of a bony pelvis from an 8-week-old female mouse 
ovariectomized at birth. It is essentially the female type. 


Lateral view of the pelvis shown in FIGURE 21, 
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FIGURE 23, Ventral view of a bony pelvis from an 8-week-old male mouse > 
castrated at birth. It is essentially the female type. 


FIGURE 24, Lateral view of the pelvis shown in FIGURE 23, 
498 
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Group 4 


) The pelves at 56 days of age of all the mice gonadectomized at birth 
and treated with testosterone propionate were essentially the male type 
with respect to both size and morphology (Figures 25 to 28). Thus 
testosterone propionate not only modified the ontogeny of the female but 
‘substituted for the intact testes of the male. 


2 FIGURE 25, Ventral view of a bony pelvis from an 8-week-old female mouse 
ovariectomized at birth and treated with testosterone. It is essentially the male 
type. 

Group 5 


y ; . 
Three of each sex survived to 8 weeks of age after transection of the 
spinal cord. A major postoperative complication was urinary retention. At 
autopsy, the surviving mice had greatly distended urinary bladders. No 
pelvic striated musculature was observed at necropsy in these 8-week-old 
mice. Contracture tissue in 2 females and 1 male produced a scoliosis of 
he lumbar spine. It was difficult to dissect out the bony pelves from the 
nice of this group because the bones were extremely fragile. 

Although the crest tuberosity and intertuberosity distances were 
approximately the same as those of the respective sexes of normal 38- 
Jay-old mice, each male’s pelvis and each female’s possessed essen- 
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FIGURE 27, Ventral view of a bony pelvis from an 8-week-old male mous 
castrated at birth and treated with testosterone. It is essentially the male typ 
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_ FIGURE 28, Lateral view of the pelvis shown in FIGURE 27, 
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tially all of the dimorphic characteristics of their respective sex found in 
the pelves from normal 56-day-old mice, including some postpuberal pubic 
_bone resorption in the female’s pelvis (F1GuREsS 29 to 32). Thus, inthe 
; absence of functional pelvic striated musculature, the male and female 
_mice acquired dimorphic bony pelves. 


DISCUSSION 


eae 


The sexual dimorphism of the bony pelvis of inbred mice is more con- 
stant than that of man. One reason for this is that in man there is an 
individual difference in the shape of the pelvic inlet. Although the same 
general differences occur in the shape of the pelvic inlet of the adult 
human pelvis of both sexes, there are a number of constant differences 
which are characteristic of each sex.?© Some of these constant differ- 
ences are similar to those found in the mouse, especially the differences 
‘that contribute to a larger birth canal in the female. The developmental 
causative factors producing the bony pelvic sexual dimorphism in man 
“are unknown. At birth the pelvic inlet of human male and female pelves 
is dolichopellic where the anteroposterior diameter is relatively longer 
‘than the transverse diameter.°° From about 10 years of age to adulthood 
in human females, there is a general shift from the dolichopellic pelvic 
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FIGURE 29. Ventral view of a bony pelvis from an 8-week-old female mous 
that had its pelvic musculature paralyzed at 14 days of age. It is essentially the 
female type. Scoliosis of the lumbar spine is evident. 


inlet to the mesatipellic where the maximum transverse diameter either 
equals the anteroposterior diameter or exceeds it by no more than 1 cm.?? 

The developmental causative factors producing a pelvic dimorphism in 
man may be similar to those of the mouse. If so, the testicular hormonal 
secretion would be acting to affect the shape of the pelvic bones at a 
comparatively earlier time in development because Thomson,*” in 1899, 
found that a sexual dimorphism existed in the pelves of human fetuses as 
early as the fourth month of development. At this time the pelvic bones 
are in an early stage of ossification.2° Thomson noted that the sexual 
dimorphism conformed closely to that of the adult. At the time of his 
report, the human anatomy textbooks generally stated that it was impos- 
sible to distinguish between the male and female pelvis until puberty. 
Thomson also noted that the gynecologists and investigators interested 
in the mechanics of the female pelvis attributed its peculiarity of growth 
to the effects of pressure and the influence of posture and muscula 
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FIGURE 30. Lateral view of the pelvis shown in FIGURE 29, 
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ction. Even though Thomson regarded the changes that take place inthe 
osition of the sacrum, the development of the sacral promontory, and the 
bliquity of the human pelvis to be largely dependent on mechanical 
causes associated with the assumption of the erect position, he felt that 
hese influences operate alike in the two sexes and were in no way 
responsible for the pronounced differences found in the adult pelves. He 
Betilated that these were due to an inherent difference in the forms of 
he bones and cartilage. 

~ Greulich and Thoms?! studied roentgenograms of 2 adult hypogonadal 
uman males and found that each had a pelvic inlet, as well as other 
| aracteristics, which were indistinguishable in size and shape from 
se of many apparently normal men. These. investigators stated that the 
nasculine characteristics of the pelves in the men with hypoplastic 
5 italia demonstrated that male characteristics may occur even in the 
bsence of normal testes. Although the testes in these adults were 
rophic and apparently producing no androgen, they may have functioned 


FIGURE 31, Ventral view of a bony pelvis from an 8-week-old male mouse 
that had its pelvic musculature paralyzed at 14 days of age. It is essentially th 
male type. 


FIGURE 32, Lateral view of the pelvis shown in FIGURE $1, 
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during early development to modify pelvic morphology. The gonads begin 
to differentiate into testes in male human embryos when about 15 mm. in 
length, and the presumed hormone-producing interstitial cells of the 
testes are abundant at the fourth month of development. ! 

Failure to recognize a dimorphism when studying the pelvis of a given 
‘animal can lead to misinterpretations. Chapman® studied the pelves of 
several different burrowing animals, including the meadow and house 
‘mouse. Although the pelves of these mice are similar, he stated that they 
are quite different because he did not note a sexual dimorphism. The 
pelvis of the meadow mouse that he illustrated was obviously from a 
multiparous female, and that of the house mouse from an adult male. 
Bateman? studied the skeletons of normal mice and compared them with 
those of microphthalmic and grey-lethal mice, but did not consider a 
dimorphism of the pelves. He presented drawings of pubes from a 
microphthalmic and a grey-lethal mouse to demonstrate substantial differ- 
ences in shape that he interpreted as due to differences in the time and 
tate of ossification. There is a possibility that sexual dimorphism was 
partly responsible. Harrison?* described no dimorphism of the developing 
rat’s pelvis. Because the rats’ pelves are sexually dimorphic,® he might 
have found differences in the shape of the pelvic bones, which he did not 
record, if the sexes had been dealt with separately. Harrison?* also 
investigated the caudal migration of the ilia in the rat during pelvic 
growth and again did not describe a pelvic dimorphism. Bilateral removal 
of the iliac crests in young rats retarded iliac growth and greatly reduced 
the descent of the ilia at the sacroiliac joints. One of the criteria he used 
was the more cranial position of the pubic symphysis, in relation to the 
vertebrae, of the operated animals when compared with unoperated con- 
trols. One of the morphological differences between the sexes in the rat 
is that the symphysis is located at a more cranial vertebral level in the 
male.® A photograph showing one of Harrison’s operated rats’ pelves was 
undoubtedly that of a male; another showing one of his control pelves 
was obviously that of a female. 

A sexual dimorphism of the bony pelvis in rats was apparently not 
reported prior to 1957,° although a number of detailed studies have been 
Made on the rat skeleton. !9*29»32»33»35 The pelvic dimorphism in the rat 
was similar to that of the mouse except: (1) The symphyses of the female 
rats’ pelves were opposite the first caudal vertebra and, in the males’, 
they were opposite the caudal half of the fourth sacral and the cranial 
half of the first caudal vertebrae; (2) the caudal border of the ischial 
ramus lacked a convexity in male rats; (3) the obturator foramina were 
smaller in the males; (4) the pelvic bones were larger in the males; 
(5) the pubes of both sexes lacked the curvatures found in the mouse, 
(6) there was no difference in the position of the ilia at the sacroiliac 
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joints between the sexes in the rat and no postpuberal resorption of the 
pubes occurred in the females; (7) increased flexibility of the sacroiliac 
joints and interpubic ligament formation did not occur in the rat durin 
pregnancy as they did in the mouse; ’**+1?»?3 (8) the rat’s pelvis, unlike 
that of the mouse, had a bluntly pointed projection along the dorsal 
border of the body of the ischium that was larger in the male’s pelvis; 
(9) the iliopectineal eminences were more pronounced in the male than in 
the female rat’s pelvis. | 

Harrison’s*° most recent publication was a brief report of a study i 
which he confirmed the observations that there are pelvic comhological 
differences between the sexes in the rat. Harrison found that the measur 
ments of the pelves from the males were significantly greater than tho 
of the females and that the upper margin of the symphysis lay at a lower 
vertebral level in the female. However, he made no mention of the other 
sex differences of the pelves. He gonadectomized rats of both sexes” 
between the fortieth and fiftieth days of life and compared their pelvic 
dimensions with those of intact littermates. Castration had no significant 
effects on pelvic growth in the male but the lengths of the innominate 
bone, sacrum, and symphysis in the females were significantly greater “ 
the spayed females. It could be that ovarian hormone inhibits the ee ; 
of growth hormone. If so, ovariectomy allowed the pelvic bones of the 
ovariectomized females to attain a larger size than those of intact 
females. Previous studies on the rat would support this assumption. 18+34 
The larger pelvis of the male rat apparently is not reflected in relative 
skeletal weight.’* It is possible that gonadectomy at forty days of age 
was much too late to modify pelvic growth in the rat to materially alter 
the development of sexual dimorphism in regard to pelvic bone shape. 
Gonadectomy at birth in mice of both sexes did not modify the normal 
size of the pelvic bones, at least up to sexual maturity, because the bony 
pelves were approximately the same size in adult mice of both sexes. 

There are two categories of pelvic sexual morphological differences in 
mice. One category consists of differences occurring before sexual 
maturity, and the other consists of those occurring after sexual maturity. | 
The postpuberal differences, that is, pubic bone resorption, increased 
flexibility of the sacroiliac joints, and interpubic ligament formation are. 
induced in the female by its ovarian hormonal secretion.!” The post-— 
puberal development of an interpubic ligament during the first pregnancy 
increases the size of the birth canal by allowing a wide separation of the 
pubes, lea parturition can occur without this separation of the 
pubic bones. ° 

In mice, the male-type pelvis occurred in females ovariectomized at 
birth and treated with testosterone. Conversely, the postpuberal differ- 
ences that normally occur in the female were produced in the castrated 
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male treated with estrogen or estrogen and relaxin.4°5+17 

An immature but definite symphysis appears at three weeks of age in 
mice? that coincides with the appearance of morphological differences 
of the bony pelvis during development. The prepuberal dimorphism of the 
bony pelvis in mice developed normally even when males and females 
were gonadectomized at three weeks of age.}° Therefore, the developing 
bony pelvis must be conditioned by the testicular hormones some time 
between birth and three weeks of age. The time following birth when the 
‘male can be castrated and not have its pelvis undergo the male type 
morphological changes is under investigation. 

The cartilage of the pubic symphysis is also conditioned during devel- 
opment by gonadal secretions.° When adult male and female mice, gonad- 
ectomized at birth, received identical estrogen and relaxin treatment as 
adults gonadectomized when sexually mature, the response of the sym- 
physeal cartilage to undergo ligament transformation was 50 per cent 
greater in males castrated when adults. Conversely, females ovariecto- 
mized when adults showed a 240 per cent greater response than females 
ovariectomized at birth. 

The undifferentiated mesoderm of the future pelvic bones in the mouse 
probably has an inherited capacity to form its cartilage models. At least 
in vitro culture of a skeletal rudiment of a limb bud from a4-day-chick 
embryo, consisting of a Y-shaped mass of mesoderm in which cartilage 
was not yet present and with no sign of the future knee joint, developed 
a characteristically shaped joint.!* The constituents of the cartilage 
models of the future pelvic bones probably possess the capacity to pre- 
‘determine the shape of the future bones. When isolated femora from 6-day- 
chick embryos composed of a very simple type of cartilage that showed 
no hypertrophied cells and no differentiation into epiphysis and diaphysis 
were cultivated in tissue culture, they showed self-differentiation. '® The 
explanted femora underwent normal histological differentiation. Periosteal 
bone and a periosteal membrane formed as they grew to more than 3 times 
their original length. During this growth the gross anatomy of the femora 
remained comparatively normal. 

The predetermined shape of the bony pelvis in mice would be the 
agonadal type that is the female type. During development of the bony 
pelvis, testicular hormonal secretion alters the predetermined pattern of 
the shape of the pelvic bones from the agonadal or female type. This 
secondary hormonal influence becomes irreversible at some time during 
the interval between birth and 21 days of age. 

The basic pattern of pelvic bone shape contributing to morphological 
differences between the sexes was not materially altered by denervation 
of the pelvic musculature. It was not an unexpected finding because organ 
culture of explants of avian sternum formed a keel, although smaller than 
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normal, in the absence of pectoral musculature for which it normally 
serves as an attachment. !* Also, in tissue culture a knee joint develope 
in the cartilage model of the embryonic chick’s limb rudiment that wa 
free of muscular, nervous, and vascular influence. e 
Studies on sexual dimorphism corroborating the present one have been — 
made in ducks, where the agonadal type syrinx and genital tubercle is the 
male type. When the embryonic duck was ovariectomized, these structure 
developed into the male type. If, following ovariectomy, the embryos wer 
treated with estrogen, the syrinx and genital tubercle developed into the — 
female type.*° When embryonic female ducks were hypophysectomized by 
decapitation, the syrinx and genital tubercle developed into the agonadal 
or male type.?® It is probable that the release of testicular hormone 
during development to induce the formation of the male type pelvis in 
mice is also governed by the gonadotrophic activity of the hypophysis. 
Wolff and Wolff*! removed the syrinx rudiment from duck embryos at 
different stages of development and cultivated it in vitro. If the rudiment — 
was explanted at the ninth day when the sexual differentiation of the 
gonads was established, it developed according to the sex of the ne 
from which it was taken. When it was removed from both males and 
females and explanted before that stage, the syrinx differentiated into the 
agonadal or male type. If, however, estrogen was added to the culture 
medium, the syrinx acquired the female shape regardless of the sex of 
the donor. A massive dose of testosterone propionate added to the medium 
had the same feminizing effect as the female hormone. Wolff and Wolff 
attributed this to an inhibitory influence on the growth of the syrinx, 
since they could produce the same results with culture media deficient in 
various nutrients. It is their opinion that estrogen normally acts in an 
inhibitory manner on the growth and differentiation of the syrinx in female 
ducks because the female type is more delicate and symmetrical than the 
male type. It is difficult to imagine androgen having an inhibitory effect 
in influencing the development of the sturdy bony pelvis in male mice. 
Also, the 17-to-21-day postpartum onset of pelvic dimorphism in mice — 
cannot be correlated with the differentiation of the testes, because this — 
occurs between 11% and 12 days of embryonic life.4! Macintyre?° found 
the testis had begun to differentiate in the 15-day-old embryo rat and 
produced evidence that it secreted androgen. Therefore, one might infer . 
that the prenatal mouse testes secrete androgen in gradually increasing 
amdunts until a threshold level is attained sometime between birth and 21 


days of age to influence the subsequent shape of the developing bony 
pelvis. | 

If self-differentiation of secondary sex characters continues into the 
phase of sexual dimorphism, it follows the pattern of the isogametic 


genetic type.°° In mammals the female type gonaducts and extemal 
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genitalia is assumed in the absence of gonads, by self-differentiation, 
tegardless of the chromosomal constitution.?” Since the agonadal-type 
_bony pelvis in mice was the female type, it also follows the mammalian 
_ pattern of the isogametic genetic type. Thus the agonadal type syrinx and 
genital tubercle in the duck is the male type because in this species it is 
the isogametic genetic type.?° If a similar genetic influence determines 
_the agonadal type bony pelvis in the rat and man, then their agonadal 
type would be female. In addition, the possibility is great that their bony 
_ pelvic sexual dimorphism is also the result of testicular hormonal secre- 
tion during development to produce the male type pelvis. 


: SUMMARY 


_ The bony pelves of adult male and female mice have a number of con- 
stant morphological differences that, in general, cause the female pelvis 
to have a more spacious birth canal. 

_ Constant pelvic morphological differences between the sexes in mice 
first appear between 17 and 21 days of age. 

_ Male and female mice gonadectomized at birth have female type pelves 
when sexually mature. Therefore, the female type is the agonadal type 
and the presence of the testes is necessary for the development of the 
, male type bony pelvis. 

Male and female mice, gonadectomized at birth and treated with testo- 
-sterone propionate during development, have male type pelves when 
adults, which indicates that androgen is the factor responsible for the 
production of bony pelvic sexual dimorphism. 

Mice of both sexes that had their spinal cords transected at the tenth 
thoracic vertebral level before the appearance of pelvic dimorphism 

possessed the typical pelvic dimorphism when sexually mature, which 
demonstrates that during development the testicular hormonal secretion 

can produce the male type pelvis in the absence of functional pelvic 

musculature. 

The possible genetic basis and mode of hormonal action in the produc- 
tion of bony pelvic sexual dimorphism is discussed along with the rela- 
tionships the pelvic dimorphism of mice has to that of the rat and man. 
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